have been undertaken on the order-disorder transformation in Fe-Al alloys with less than 50 atomic percent Al. In the neighborhood of 25 percent Al these alloys are known to exhibit the twostep transformation, namely from DO3 to B2 and from B2 to disorder. The phase diagram and the Al occupation probabilities for each lattice site are coordinated by a statistical theory, and the most reasonable phase diagtm for the interpretation of X-ray diffraction by powdered specimens has been obtained.
I. Intrcducticn
It has been known for many years(1)(2) that Fe-Al alloys containing about 25 atomic percent aluminum have peculiar types of superlattices. An alloy Fe3Al, makes the situation more complicated(3). A number of works have been published to determine the phase diagram for the Fe-Al system with composiferent in details from each other. Two examples of thes are reproduced in Figs. 1 and 2, which have been given by McQueen and Kuczynski(5) and Davies(6) . The one is based on a dilatometric measurement, while the other is made out by various data on the electrical resistivity and specific heat and results of dilatometric measurements. As is seen in these figures the two diagrams do not coincide with each other in many respects.
A statistical theory has been developed by Rudman(7) to interpret the general behavior of the phase diagram for the Fe-Al system. For this purpose, Rudman has applied the Bragg-Williams approximation using two parameters describing the two types of order, DO3 and B2 and considering interatomic interactions up to the second nearest neighbors.
Assuming these interaction energies to be constant with respect to the temperature * Laboratory of Iron , and Steel, Department of Metallurgy, Kyushu University, Fukuoka, Japan. ** Department of Metal Engineering , Kyushu Institute of Technology, Tobata, Japan. (1) A. J. Bradley and A. H. Jay: Proc. Ray. Soc., A 136 (1932), 210. (2) C. Sykes and H. Evans: J. Iron Steel Inst., 131 (1935) , 225. (3) H. Saito. J. Japan Inst. Metals, 14 (1950),1, 6, 11 and 17 (in Japanse and the aluminum composition, he has obtained a theoretical phase diagram which is not in detailed agreement with any of the observed ones.
The distribution of iron and aluminum atoms in the crystal lattice of Fe-Al alloys was determined by an Xray diffraction method in the classical work by Bradley and Jay(1), and has been confirmed with some modification by Lawley and Cahn(8) .
In their analyses the lattice sites in a unit cell of the Fe-Al system are classified into probability for each one of these lattice sites to be occupied by an aluminum atom at room temperature has been plotted against the aluminum. composition, as is reproduced in Fig. 4 . In consequence it has been shown that the X-ray data are most consistently interpreted by a phase diagram which bears a close resemblance to that obtained by Davies(6).
We shall further report the results of measurements of the electrical resistivity and specific heat of the alloys. The phase diagram obtained from these experiments will be compared with the theoretical one.
A theoretical implication for the coexistence of two phases with different types of order in the neighborhood of 20 atomic percent aluminum will be discussed in connection with the experimental evidences given by Seybolt(9) and also by Lutjering and Warlimont(10).
II. Experimental Analysis of X-ray Diffraction
We have repeated an X-ray analysis of the Fe-Al system following the method of Bradley and Jay(1) and Lawley and Cahn(8) . Twenty specimens of various compositions were prepared from 99.95% electrolytic iron and 99.99% aluminum. The materials were melted in vacuo in a high frequency induction furnace, cast cooled to room temperature.
The powdered
Fe-Al alloys thus-prepared were in turn set in a diffractometer, and the intensities of reintensities of. the (111), (200) and (220) reflections were used in the following analysis.
The intensity of any particular reflection with the where F is the structure factor, P the multiplicity of the reflecting plane and the expression in bracket is the Lorentz-polarization factor. The ratios of the three structure factors are given by the following expressions:
(1)
The absolute values for the ratios F(111)/F(220) and F(200)/F(220) obtained experimentally were put into Eqs. (1) and (2), which were combined with Eq. (3) to yield the occupation probabilities as shown in Table 1 and plotted in Fig. 5 . The aluminum compositions given in Table 1 were determined by chemical analyses. The occupation probabilities obtained by means of Xray analysis agree fairly well with those by Bradley and Jay (1) and Lawley and Cahn(8) . The cusps shown in their curves do not seem to be present in the case of the present experiment as supported by our theory.
III.
Theoretical Interpretation of the X-ray Data
We shall at first review the derivation of Rudman's equations, which will be used for an analysis of our Xray data described in the forgoing section.
We consider an alloy of A and B atoms with the in a perfect lattice with a unit cell illustrated in Fig. 3 . The probability for each of the three kinds of lattice sites to be occupied by an A (or a B) atom, pi (or qi), is defined in terms of two parameters, x and y, as shown in Table 2 . Here x and y represent the degrees of the long range order in DO3 and B2 type superlattices, respectively. We note that in the perfectly ordered state state x=y=0.
Considering the interaction energies up to the second Table 2 Occupation probabilites defined in terms of x and y. pi (or qi) is the probability for a site i to be occupied nearest neighbors, and applying the Bragg-Williams approximation, we obtain the free energy for the lattice with N atoms as (4) where the function g(z) is defined by (5) and V and W are the interaction energies.*
The distribution of atoms in the lattice which is in a thermal euuilibrium at a temperature T is determined (6) and (7) These equations are essentially the same as those obtained by Rudman (7) with notations different from ours. We shall use these equations for an analysis of the Xray data in connection with the phase diagram for the Fe-Al system. A similar consideration has also been maintained by Adachi(ll) under more general assumptions, though it does not seem necessary in our case. The solutions for Eqs. (6) and (7) Eqs. (6) and (7) numerically to obtain the occupation probabilities by Table 2 . The motivation of our assumption that the interaction energies vary with the composition is based on the fact that the lattice constant of the, alloys, upon which they should depend strongly, varies steeply with the composition(4). For the analysis of the X-ray data in the Fe-Al system we have used the following method. Starting from a particular phase diagram, for example, of the McQueen and Kuczynski (5), we obtain V and W as the functions of into Eqs. (6) and (7), which are solved numerically for a fixed value of T to obtain the occupation probabilities as functions of the composition. The calculated result is then compared with the experimental data. We have modified the phase diagram slightly and repeated the same procedure until we obtain the best agreement. The calculation has been performed automatically with an eletronic computer OKITAC 5090-H of Kyushu University.
The problem arises which temperature we should choose for the specimens which were cooled slowly to room temperature. We have tried the above method for the experimental data.
In Table 3 we have listed our final values for the critical temperatures Tx and Ty, the interaction energies bilities is shown in Fig. 5 in comparison with the experimental ones. The phase diagram thus obtained Table 3 The values of the critical temperatures Tx and Ty, the interaction energies V and W, and the ordering parais shown in Fig. 6 . Our theoretical result for the occupation probabilities reproduces the experimantal one satisfactorily if we assume the phase diagram shown in Fig. 6 The disagreement between the experimental result and the theoretical one is noticed in the limited range of less than 25% aluminum compositions. A possible interpretation of the disagreement in terms of the coexistence of two phases with different types of order will be discussed in Section V.
IV. Phase Diagram Based on Resistivity and Specific Heat
The electrical resistivity and specific heat in the Fe-Al system have been measured by many authors. For example, Marcinkowski and Smoluchowski(12) measured the resistivity of Fe-Al alloys at room temperature after quenching from various temperatures. For the data available on the specific heat of the alloys readers may refer to References 2 and 3. In this section we shall report our results of measurements of the electrical resistivity and specific heat in the Fe-Al system and the phase diagram obtained.
The specimens were prepared in a similar way to that used in our X-ray experiment. The size of the specislowly cooled to room temperature.
The electrical resistance of these specimens has been measured by a potentiometric method from the potential drop along the current. The measurement has been carried out in vacuo with increasing temperature at a
For the measurement of the specific heat an equipment developed by Nagasaki and Maezono(13) has been employed. The measurement has also been carried out in vacuo by calculating the time necessary for raising the temperature by one degree underr a given steady supply of heat.
In Fig. 7 typical examples of the results of measurements of electrical resistivity and specific heat are shown as the functions of temperature, in which anomalies appear at three different temperatures: Two of them correspond to the critical temperatures for ordering, and the remaining one to the magnetic Curie point. It was difficult to discriminate the former from the latter without magnetic measurement. However, the following consideration, together with a reference to the phase diagrams given by McQueen and Kuczynski(5) and Davies(6), has made us almost confident as to their identification.
As the temperature approaches one of the critical temperatures for ordering the electrical resistivity increases suddenly because of the decomposition of the superlattices with the long range order into a number of small regions with short range order, which act as seattering centers upon conduction electrons. Thus the ordering critical temperatures are characterized by a sudden increase in the slope of the resistivity as the function of temperature.
On the other hand, as the temperature approaches the magnetic Curie point the resistivity increases as a result of the rapid decrease of the spontaneous magnetization. But after the disappearance of the magnetization the resistivity increases slowly by the remaining effect of lattice vibration.
The magnetic Curie point is thus identified as a sudden decrease in the slope of the resistivity vs. temperature curve.
The relationship between the critical temperatures and the aluminum compositon obtained in this way are plotted in Fig. 8 .
V. Possible Coexistence of Two Phases
The phase diagram of Fig. 6 , which is consistent with the X-ray data and the statistical theory bears a close resemblance to that obtained by Davies(6) . This suggests that his phase diagram is better than that suggested by McQueen and Kuczynski(5). Our experimental result based on the measurement of the electrical resistivity and specific heat, however, indicates that the phase diagram shown in Fig. 8 The free energy of the system relative to the disordered state is computed as a function of the composition s with a constant temperature using the values of the interaction energies and the solution x and y. Fig.   9 shows the computed free energies obtained for T= Fig. 9 Free energies in DO3 and B2 relative to the disordered state as a function of the aluminum composition. The to obtain the actual free energies the energy in the disordered state must be added to each of the above energies, and if the coexistence of two phases should occur, it would take place along the common tangential line to two curves for the same temperature. For the lack of an adequate means to evaluate the energy in the disordered state, no definite conclusion for the two-phase coexistence can be derived from Fig.  9 . From the figure, however, one may naturally suspect the coexistence of DO3 with B2 or the disordered state in the system with up to 23 atomic percent aluminum. Such a coexistence of two phases with different types of order has been suggested by Seybolt(9) based on his resistivity measurement, and a direct evidence for it has been given by Lutjering and Warlimontc10) in their electron microscopic observation. the difference of the free energies in DO3 and B2 types of order is so small that the phase boundaries near 20 atomic percent obtained theoretically may easily be blurred experimentally.
If the coexistence of two phases and the blurring of the phase boundaries actually occur, then the aluminum occupation probabilities must be somewhat different from those obtained by a single phase approximation.
The disagreement between our experimental and theoretical occupation probabilities in the neighborhood of 22 atomic percent aluminum, as noticed in Fig. 5 , may thus be understood. In Fig. 6 approximate boundaries of the mixed phases which might be assumed from such considerations are indicated.
VI. Conclusion
The occupation probabilities of lattice sites by aluminum atoms obtained from our X-ray experiment are explained satisfactorily by a statistical theory with the phase diagram shown in Fig. 6 . The discrepancy between the theoretical phase diagram m and the experimental one, shown in Fig. 8 , might be ascribed to the coexistence of two phases with different types of order and also to the smallness of the difference between the free energies.
In our theoretical interpretation the interaction energies are assumed to vary with the aluminum composition, and their behavior seems to reflect the change in lattice constant with composition. The result of our calculation also indicates that the atomic distribution in the annealed specimens is the one which is in thermal 
